Postmenopausal hormone therapy increases mammographic density, a strong breast cancer risk factor, but effects vary across women. We investigated whether the effect of hormone therapy use is modified by polymorphisms in the estrogen receptor (ESR1) and progesterone receptor (PGR) genes in the Dutch Prospect-EPIC and the English EPICNorfolk cohorts. Information on hormone therapy use was obtained through questionnaires at recruitment and after 5 years. Blood samples were collected and consecutive mammograms were available through breast cancer screening programs. For 795 hormone therapy users, one mammogram before and a second mammogram during hormone therapy use was included. For 781 never hormone therapy users, mammograms with similar time intervals were included. Mammographic density was assessed using a computerassisted method. Changes in density were analyzed using linear regression. A statistically significant difference in percentage density change between hormone therapy users and never users was seen in women with the ESR1 PvuII Pp or pp genotype (2.24%; P < 0.01), but not in those with the PP genotype (0.90%; P = 0.47). Similarly, effects of hormone therapy on percentage density were observed in women with the ESR1 XbaI Xx or xx genotype (2.20%; P < 0.01), but not in those with the XX genotype (À0.65%; P = 0.70). Also, effects were seen in women with the PGR +331 GG genotype (2.04%; P < 0.01), but not in those with the GA or AA genotype (0.98%; P = 0.53). The PGR PROGINS polymorphism did not seem to make women more susceptible to the effects of hormone therapy use. In conclusion, our results suggest that specific polymorphisms in the ESR1 and PGR genes may make women more susceptible to the effects of hormone therapy use on mammographic density. 
Introduction
Epidemiologic studies provide strong evidence that the use of postmenopausal hormone therapy is associated with an increased breast cancer risk (1) (2) (3) . This observed increase may be explained by the effects of hormone therapy use on mammographic density, a strong breast cancer risk factor (4, 5) . Another study from our group 5 shows that the absolute mean decline in percentage density between mammograms, which were on average 3 years apart, was 7.36% for never hormone therapy users and 5.58% for hormone therapy users (difference between groups 1.78%; P < 0.01). This suggests that postmenopausal hormone therapy use slows down the natural reduction in mammographic density. Other studies have shown that postmenopausal hormone therapy use even increases breast density (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . These effects, however, are not seen in all women who use hormone therapy (6) (7) (8) (9) (10) (11) (12) (13) .
Hormone receptors in the breast could influence susceptibility to the effects of hormone therapy use as estrogens and progesterone exert their effects through the estrogen and progesterone receptors (16, 17) . Some polymorphisms in the genes coding for these receptors may change the expression of the receptors and may, therefore, modify the effect of hormone therapy use on mammographic density. Within the estrogen receptor a (ESR1) gene, the PvuII (also known as c.454-397T!C, IVS1-397 T/C, or rs2234693) polymorphism and the Xba I (also known as c.454-351A!G, IVS1-351 A/G, or rs9340799) polymorphism were selected. These polymorphisms have been associated with mammographic density (18) as well as breast cancer risk (19) (20) (21) (22) (23) .
Within the progesterone receptor (PGR) gene, the +331 G/A polymorphism and the C/T Hist770Hist polymorphism (also known as rs1042839) were selected. The +331 G/A polymorphism is located in the promoter region and the C/T Hist770Hist polymorphism in exon 5 of the PGR. The latter polymorphism is in complete linkage disequilibrium with an C/T Val660Leu polymorphism in exon 4 and an Alu insertion in intron 7 and together they are called the PROGINS complex (24) . Both the +331 G/A polymorphism and the PROGINS polymorphism have been investigated in relation with breast cancer risk but the results were inconclusive (25) (26) (27) (28) .
In this study, we investigated whether polymorphisms in the ESR1 and PGR genes modify the effect of hormone therapy use on mammographic density.
Investigation into Cancer and Nutrition (EPIC; ref. 31).
Between 1993 and 1997, participants had a medical examination, filled out lifestyle and food frequency questionnaires (32, 33) , and donated a blood sample. At the end of the inclusion period, 17,357 women were included in Prospect-EPIC and 16,744 women and 13,698 men were included in EPIC-Norfolk. All participants gave written or oral informed consent and the studies were approved by the local ethical committees. Approximately 5 years after recruitment, participants from both cohorts filled out a follow-up questionnaire. Besides questionnaire data, consecutive mammograms were available for women through the regional breast cancer screening programs.
The baseline as well as the follow-up questionnaire was used to obtain information on postmenopausal hormone therapy use. Hormone therapy use was defined as the use of hormones for menopausal complaints. Both questionnaires comprised questions on the age at which a woman started and stopped using hormone therapy. Hormone therapy users were defined as those women who reported at either the baseline or the follow-up questionnaire that they had ever used hormone therapy. Never hormone therapy users were defined as those women who reported at both questionnaires that they never used hormone therapy.
Ever hormone therapy users were eligible if one screening mammogram before hormone therapy use and a second mammogram during hormone therapy use could be obtained. Never hormone therapy users were matched to hormone therapy users on year of mammogram, duration of interval between mammograms, and year of birth, and, thus, two mammograms with approximately the same time interval were collected for never hormone therapy users. Hormone therapy users as well as never hormone therapy users were excluded when they used oral contraceptives at the first mammogram or when they were diagnosed with breast cancer before or within 2 years of the second mammogram. The reason for this is that the hormones in oral contraceptives or the presence of a tumor may influence the density on a mammogram. Mammograms were selected for 620 hormone therapy users and 620 never hormone therapy users from Prospect-EPIC and for 175 hormone therapy users and 161 never hormone therapy users from EPIC-Norfolk. Blood samples were available for all these women, except for 18 hormone therapy users and 15 never hormone therapy users from EPIC-Norfolk.
Genotyping Analysis. In the Prospect-EPIC cohort, genomic DNA was extracted from WBC using the QIAamp DNA Blood Mini kit (Qiagen Benelux B.V., Venlo, the Netherlands) according to the instructions of the manufacturer.
In the EPIC-Norfolk cohort, genomic DNA was extracted from whole blood samples using the phenol-chloroform method by Whatman International (Ely, United Kingdom). DNA yields from both cohorts were quantified using a fluorescent stain (PicoGreen, Molecular Probes Inc., Eugene, OR) and samples were diluted to a final DNA concentration of 5 ng/AL (Prospect-EPIC) or 4 ng/AL (EPIC-Norfolk).
Genotyping was done using the Taqman SNP genotyping technology (Applied Biosystems, Foster City, CA). Primer and probe design was done by the manufacturer (sequences available on request), and reactions were done according to the protocol of the manufacturer. Samples were classified as PP, Pp, or pp (representing the CC, CT, and TT genotypes of PvuII, respectively); XX, Xx, or xx (representing the GG, GA, and AA genotypes of XbaI, respectively); GG, GA, or AA for the +331 G/A genotype; and CC, CT, or TT for the PROGINS genotype. The assay was repeated for samples with initial missing genotypes. After repeating the PCR, the percentage of undetermined samples was 0.5% (7 of 1,543) for the PvuII genotype, 0.2% (3 of 1,543) for the XbaI genotype, 2.9% (45 of 1,543) for the +331 G/A genotype, and 2.4% (37 of 1,543) for the PROGINS genotype.
Mammographic Density Analysis. Mammographic density was assessed using the mediolateral oblique mammogram, which is the routine view for breast cancer screening in the Netherlands and the United Kingdom. It has previously been shown that the proportions of mammographic density on craniocaudal views and mediolateral oblique views and on left and right views are strongly correlated and that representative information on mammographic density is provided in a single view (34) . Mammographic density was assessed on the left view for all women.
After digitizing the films using a laser film scanner (Lumiscan 50, Lumisys for Prospect-EPIC and Lumiscan 85, Lumisys for EPIC-Norfolk), mammographic density was quantified using a computer-assisted method based on gray levels in the digitized mammogram (35) . For each image, the reader first sets a threshold to determine the outside edge of the breast and to discriminate between the dark area outside the breast and the lighter area within the breast. Another threshold is set to determine the area of dense tissue within the breast, which is the lightest tissue visible on the mammogram. The program then determines the amount of pixels within the total breast area and within the dense area and calculates the percentage of dense tissue in the breast, which is the dense area divided by the total breast area multiplied by 100. In literature, the percentage of dense tissue, which is a relative measure of dense tissue, is mostly used. It may, however, be more relevant to study the absolute amount of dense tissue, which consists of connective and epithelial tissue and is regarded as the target tissue for breast cancer. We, therefore, present results on both the relative and absolute measure of mammographic density, which we refer to as ''percentage density'' and ''dense area,'' respectively.
The mammograms from Prospect-EPIC (the Netherlands) and EPIC-Norfolk (United Kingdom) were read separately, but both by the same observer (F.J.B. van Duijnhoven). They were read in sets of 68 (United Kingdom) and 70 (the Netherlands) images composed of both mammograms from 34 or 35 women in random order. To assess the reliability of the reader, two library sets of 68 (United Kingdom) and 70 (the Netherlands) images were made, which consisted of randomly chosen mammograms. This same library set was read before the first set, after the last set, and at several time points between sets, which were blinded for the reader. The images in the library set were randomly ordered every time they were read to prevent the observer from recognizing this set. An average intraclass correlation coefficient of 0.88 (range 0.82-0.93) for dense area and 0.94 (range 0.91-0.95) for percentage density was reached between repeated readings. These results are comparable with previous studies using the same method (35) .
Data Analysis. Distributions of breast cancer risk factors at baseline are given for hormone therapy users and never hormone therapy users in Prospect-EPIC and EPIC-Norfolk together, using means with SDs, medians with range or frequencies (where appropriate). Differences were tested by the Student's t test, Mann-Whitney test, or m 2 analysis. Menopausal status was categorized in premenopausal together with perimenopausal versus postmenopausal. Women were counted as premenopausal women when they were still menstruating and were not using oral contraceptives or other hormones. Women were counted as postmenopausal women when they experienced at least 12 consecutive months of amenorrhea. All other women were counted as perimenopausal women. Family history of breast cancer was defined as having at least a mother or a sister diagnosed with breast cancer. Smoking was categorized in pack-years, which is defined as the mean number of cigarettes per day divided by 25 and multiplied by years of smoking. Current alcohol intake was measured in grams of ethanol per day and categorized in approximate tertiles. Physical activity was categorized in a four-level index, which was derived by combining occupational physical activity together with time participating in cycling and other recreational physical exercise (36) .
The observed genotype distributions were compared with those expected under Hardy-Weinberg equilibrium using a goodness-of-fit m 2 test with 1 degree of freedom. The absolute change in percentage density and dense area was compared between hormone therapy users and never hormone therapy users by linear regression analysis. To determine the change, mammographic density at the second mammogram was used as the outcome variable and mammographic density at the first mammogram was included as a covariate in the unadjusted model. The mean mammographic density at the second mammogram was calculated from the model and the change in density was computed by subtracting the mean mammographic density at the first mammogram from this number for hormone therapy users and never hormone therapy users separately. To investigate potential effect modification, results were stratified by PvuII genotype (PP versus Pp with pp), XbaI genotype (XX versus Xx with xx), +331 G/A genotype (GG versus GA with AA), and PROGINS genotype (CC versus CT with TT). Women with one or two copies of the p allele (PvuII) and those with one or two copies of the x allele (XbaI) were combined into one stratum, because these alleles have been associated with higher breast densities (18) and higher breast cancer risk (21) . In addition, women with one or two copies of the A allele (+331 G/A) or the T allele (PROGINS) were combined into one stratum due to small numbers. Interaction was tested by adding the product term of hormone therapy use (no/yes) and these characteristics (in above-mentioned categories) to the linear regression model.
In the adjusted models, in addition to hormone therapy use (no/yes) and mammographic density at the first mammogram, age, body mass index, age at menarche, parity (nulliparous/ parous), menopausal status (premenopausal and perimenopausal/postmenopausal), family history of breast cancer (no/ yes), previous oral contraceptive use (no/yes), smoking (0, <5, 5-15 and >15 pack-years), alcohol consumption (tertiles), physical activity (inactive, moderately inactive, moderately active, active), and study population (Prospect-EPIC/EPICNorfolk) were included as covariates.
All analyses were done with SPSS version 12.0.
Results
Distribution of breast cancer risk factors at baseline are shown for women who started hormone therapy use and for women who never used hormone therapy (Table 1) . Percentage density at the first mammogram was lower for never hormone therapy users (37.0%) than for those who would start to use hormone therapy after the first mammogram (40.5%). Similarly, the dense area at the first mammogram was lower for never hormone therapy users (40.6 cm 2 ) than for hormone therapy users (47.2 cm 2 ). Never hormone therapy users more often were postmenopausal (74.8% versus 68.3%) and had less often used oral contraceptives in the past (63.4% versus 67.2%) compared with hormone therapy users. Never hormone therapy users less frequently used alcohol than hormone therapy users.
Data from our previous study 5 showed that the absolute mean decline in percentage density between mammograms was 7.36% for never hormone therapy users and 5.58% for hormone therapy users (difference between groups 1.78%; P < 0.01).
In this study, the absolute change in percentage density by hormone therapy use was stratified by genotype (Table 2) . Genotype distributions of PvuII, XbaI, +331 G/A, and PRO-GINS were in Hardy-Weinberg equilibrium (P values were 0.42, 0.33, 0.22, and 0.07, respectively). Corresponding to our overall results 5 , the decline in mammographic density was larger for never hormone therapy users than for hormone therapy users in every stratum except for the stratum of women with a XX genotype. A statistically significant difference in percentage density change between hormone therapy users and never users was seen in women with the ESR1 PvuII Pp or pp genotype (2.24%; P < 0.01) but not in those with the PP genotype (0.90%; P = 0.47). Similarly, effects of hormone therapy on percentage density were observed in women with the ESR1 XbaI Xx or xx genotype (2.20%; P < 0.01), but not in those with the XX genotype (À0.65%; P = 0.70). Also, effects were seen in women with the PGR +331 GG genotype (2.04%; P < 0.01), but not in those with the GA or AA genotype (0.98%; P = 0.53). The difference in change was statistically significant in both strata of the PROGINS polymorphisms. None of the interactions between hormone therapy use and the characteristics in Table 2 were statistically significant.
The absolute changes by hormone therapy use and by these strata were also assessed for dense area instead of percentage density. Similar results were seen for the strata of the genotypes (data not shown).
Discussion
The results of this study suggest that hormone therapy use does not affect mammographic density in women with the ESR1 PP or XX genotype, but that it slows down the breast involution process in women with one or two copies of the p allele or x allele. Similarly, hormone therapy use does not seem to have an effect on mammographic density in women with one or two copies of the +331 A allele, whereas it does in women with the GG genotype. The PROGINS polymorphism in the PGR do not seem to make women more susceptible to the effects of hormone therapy use on mammographic density.
In this study, we focused on genes that may make women more susceptible to the effects of hormone therapy use on mammographic density. Only one other study has reported results on polymorphisms in this respect. Lord et al. (37) found a statistically significant interaction between combined hormone therapy use and the CYP1B1 polymorphism as well as the AKR1C4 polymorphism in relation to changes in mammographic density. The polymorphisms in this study were located in genes that are involved in hormone metabolism, whereas the polymorphisms in our study are located in genes that code for hormone receptors. One other study investigated the interaction of hormone therapy use with androgen receptor genotypes in relation to mammographic density (38) . However, this study did not address changes in density, but merely measured density at one point in time. Lillie et al. (38) reported that in users of combined hormone therapy, women with a higher number of CAG repeat lengths had a statistically significantly higher mean percentage of density than women with a lower number of these repeats. The results from this study, together with our results, indicate that variants of hormone receptor genes may make women more susceptible to the effects of hormone therapy use on mammographic density.
The molecular explanation for our findings is not entirely clear. Two studies have suggested that the ESR1 PvuII P allele increases ESR1 transcription (39, 40) , whereas another study suggested that the PvuII p allele and the XbaI x allele increases transcription of ESR1 (41). These results indicate that PvuII and XbaI polymorphisms are involved in the production of ESR1, but the exact function needs to be clarified.
The +331 A allele (24) and the PROGINS T allele (42) have been reported to increase the transcription of the PGR. In theory, one would expect that the effect of hormone therapy use would be largest in women with variants that result in a higher expression of the receptor. The results for the +331 G/A polymorphism, however, show that the effect of hormone therapy use is only seen in women with the G allele, which has been related to a lower expression of the PGR. In addition, the PROGINS polymorphism did not seem to make women more susceptible to the effects of hormone therapy use. Our results do not seem to correspond with what would be expected on the basis of the abovementioned functionality studies. However, it should be kept in mind that the functionality of the +331 G/A polymorphism as well as the PROGINS polymorphism has only been investigated in one study. Therefore, further molecular research is needed to provide an explanation for the findings of our study.
Strengths of our study include the longitudinal design and the use of a continuous density measurement method. Furthermore, our observational study gives us the opportunity to investigate whether characteristics influence the effects of hormone therapy use on mammographic density in women who use hormone therapy in real life. As opposed to clinical trials, where women are randomly assigned to receive placebo or a hormone therapy regimen, the women in our observational study are prescribed hormone therapy use because of a medical indication. Because of their different backgrounds, effects of hormone therapy may not be the same in these women (43) .
Our study, however, also has certain limitations, which may have reduced the opportunity to show genetic effect 465 Another possibility is that effect modification is mainly present in a specific type of hormone therapy use. The study by Lord et al. (37) , for example, only showed statistical interactions of polymorphisms with the use of combined hormone therapy and not with unopposed estrogen therapy. The exact type of hormone therapy preparation was known for a subset of the Prospect-EPIC women (n = 231), but we chose not to make a distinction between the different types of hormone therapy use because sample sizes would then be too small.
Another limitation of our study may be that we did not have information about changes in body mass index and that we, therefore, could not adjust for this in our analyses. Body mass index, however, seems to only have an effect on nondense tissue in the breast (44) . Adjusting for changes in body mass index will, therefore, only have an influence on results for the relative measure of mammographic density (percentage density). The results in this study for the absolute measure of mammographic density (dense area) will remain the same.
Although not proven yet, it is very likely that women who have an adverse effect of hormone therapy use on mammographic density are the ones who are at higher risk for breast cancer when they use hormone therapy. However, even if this is not the case, the adverse effects on breast density may result in a reduced sensitivity and specificity of mammographic breast cancer screening (45, 46) . Identifying subgroups that are most susceptible to the effect of hormone therapy on mammographic density is, therefore, important. When these subgroups are established, specific action could be taken toward the women with highest susceptibility. For instance, these women could be advised against the use of hormone therapy or when they are using hormone therapy could be closely monitored to see how the breast tissue responds.
In conclusion, our results suggest that polymorphisms in the ESR1 and PGR genes may modify the relation between hormone therapy use and mammographic density. This may provide an explanation for the observed interindividual differences in effects of hormone therapy use on mammographic density and supposedly breast cancer risk. Table 1 , because of loss of some or all of the potential confounders. cModel adjusted for density at first mammogram, age, body mass index, age at menarche, parity (nulliparous/parous), menopausal status (premenopausal and perimenopausal/postmenopausal), family history of breast cancer (no/yes), previous oral contraceptive use (no/yes), smoking (0, <5, 5-15, and z15 pack-years), alcohol consumption (tertiles), physical activity (inactive, moderately inactive, moderately active, active), and study population (Prospect-EPIC/EPIC-Norfolk).
